An optical satellite communications link is affected by a severe fading due to an atmospheric turbulence. The transmitter and receiver should be designed to overcome signal distortion caused by fading. The received signals are also degraded by optical and electrical distortion factors. NICT started experimental verification of optical satellite communications using Small Optical TrAnsponder (SOTA) last September. The SOTA measurement campaign provides optical satellite downlink data. Thus, a practical fading generator with respect to the collected experimental data has been developed for a better understanding of the optical satellite channel. The developed fading generator consists of two components: fade level and noise variance generators based on model fitting the measured distribution into a probability density function of theoretical atmospheric turbulence. In this paper, characteristics of the collected data, the model fitting technique for the fading generator, and the system simulation using the generator are presented.
Introduction
The Consultative Committee for Space Data Systems (CCSDS) has published some world standard books regarding satellite communications. The OPTical communications working group (OPT) of the Space Link Services (SLS) in CCSDS is in charge of optical satellite communication systems. The low complexity system with On-Off Keying (OOK) modulation is one of the categories for physical layer standardization by SLS-OPT. 1) The OOK based Intensity Modulation with Direct Detection (IM/DD) format is preferred to enable a simple, robust, and cost-effective setup for optical satellite communications, especially Low-Earth Orbit (LEO) satellite applications. The practical system performances must be evaluated to edit the Green/Blue Books. In optical satellite communications atmospheric turbulence affects the received signals. Electrical signal distortion factors as well as optical ones also degrade system performance. Therefore, it is desirable to model a practical fading generator including both the optical and electrical distortion factors, especially atmospheric turbulence-induced signal fade based on measurements.
NICT initiated R&D effort of Small Optical TrAnsponder (SOTA) for LEO's to demonstrate the attractive features of optical technology in the frame of the Space Optical Communication Research Advanced Technology Satellite (SOCRATES) project.
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The SOTA measurement campaign started last September, and different test scenarios have been conducted to understand characteristics of optical satellite channel. The experimental data obtained by SOTA campaign has been utilized for the channel modeling. Hence, the fading generator based on measurements has been developed using model fitting technique. The system performances in optical satellite channel can be easily simulated by implementing the developed fading generator. The report has been presented and discussed in the CCSDS Spring 2015 meeting 3) regarding low-complexity system standardization. The complete results facilitate the parameters choice for a low complexity system of the CCSDS standardization.
This paper is organized as follows. The data collection system and observations of collected SOTA downlink signals are summarized in Section 2. Fading channel modeling scheme with respect to atmospheric turbulence theory is described in Section 3. The development of fading generator and the system performances via computer simulation are Trans. JSASS Aerospace Tech. Japan Vol. 14, No. ists30 (2016) Pj_28 2 discussed in Section 4. Finally, conclusions are given and future work is outlined in Section 5.
Evaluation of SOTA Downlink Signals
The SOTA measurement campaign has been performed in order to collect downlink signals with different data formats such as image data and Pseudo-random Noise (PN) sequences. We focus on the format of PN sequence with the period of 2 15 -1 called PRBS 15. The specifications of downlink signals are listed in Table 1 . The data collection system including SOTA receiver and Digital Storage Oscilloscope (DSO) is shown in Fig. 1 . The received optical satellite downlink signal is passed to Avalanche Photo Diode (APD) to convert into electrical one, followed by loopback modules including two Low-Pass Filters (LPFs), A/D and D/A converters. The output loopback electrical signals are stored in DSO at a sampling frequency of 50 MHz in time interval of every 4 sec. A length of a single snapshot is 4e6 samples (0.08 sec) due to the limitation of DSO. The experiment data treated in this work is collected during a single pass which means a one-time satellite's orbital period. There are 456 PN sequences in a single pass.
The optical power was measured at every 1 second as shown in Fig. 2 . Sufficient optical power of more than -50 dBm is required to connect from the satellite to the ground station. The collected snapshots in two representative channels, falloff and steady environments, are shown in Figs. 3 (a) and (b) respectively. In each snapshot, 24 PN sequences are continuously sampled. As in Fig. 2 , the red dotted line of (a) corresponds to the falloff environment which indicates the optical power falls below -50 dBm, while the red dotted line of (b) corresponds to the steady environment which indicates more than -50 dBm.
The stored electrical signals in DSO are demodulated by an offline receiver as shown in Fig. 4 . The offline receiver performs the following processes by using software after storing all the signals in a single pass. A sliding PN correlator equipped with coarse and fine tuning modules finds the optimum start point of each PN sequence. A Time Tracking Loop (TTL) tracks timing shift due to oscillator and Doppler shift. The synchronized signals are integrated over its oversampling ratio of 5 samples and dumped. The dumped symbols are determined as "0" or "1" by hard decision, and then Bit Error Rate (BER) values over each PN period are calculated.
The electric power is calculated by averaging the square of measured samples over a PN period. However, the power is not a true power because of the D/A converted signals, and 3 thus we refer to the power as a squared-amplitude which is unitless. The obtained histogram of squared-amplitude during a single pass is shown in Fig. 5 . The experimental squaredamplitude distribution plotted with the blue circles does not indicate a smooth line due to the small number of collected samples. The BER distribution during a single pass is evaluated as shown in Fig. 6 . Blue circles indicate the BER of each PN period versus squared-amplitude. The circles on the x-axis indicate no errors in each PN period, which ratio is 28% of the whole circles. On the other hand, 16 % of the severe BER values (> 0.1) are observed when the squared-amplitude is less than 0.9. The results in the two figures play an important role in the development of fading generator for optical satellite downlink channel. In the following sections, we discuss characterizing measured distributions and developing fading generator based on the experimental data.
Signal Modeling Based on Measurements

Background of optical satellite channel modeling
An optical satellite downlink signal is severely distorted by atmospheric turbulence, and pointing and tracking errors of optical instruments. The optical turbulence in the atmosphere has been extensively studied in numerical analysis. 4, 5) The experimental data based analysis is also found in Refs. 6 and 7. We developed a signal modeling for optical satellite downlink communications based on the electrical signals collected in DSO, since the electrical signals include different signal distortion factors, such as atmospheric turbulence, pointing and tracking errors, APD impairment, Doppler shift, and different types of noise, etc. Moreover, the obtained model must be with reasonable complexity for computer simulation. We thus focus on the measured squared-amplitude and BER distributions as shown in Figs. 5 and 6, and then characterize the measured distributions as the reasonable theoretical Power Density Function (PDF) and BER curve.
Theoretical BER performance
We now attempt to lead a BER performance under theoretical optical atmospheric turbulence model. The representative PDF is a gamma-gamma distribution. 4, 5) The distribution for a laser satellite communication downlink system is formulated by scintillation index given by
where (･) is the Gamma function, I is the irradiance of the beam which is assumed to be normalized signal power, and 
  
 is a variance of simpler plane wave expression, which is sometimes referred to as the scintillation index. 
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The BER performance in an optical atmospheric turbulence channel can be expressed in a closed-form expression. A theoretical BER performance versus averaging Signal-toNoise Ratio (SNR) for OOK modulation is given by 5)   e 0
Equations (1)- (4) play an important role to develop a fading generator based on the experimental data. In the next section, we attempt to derive approximated signal power of the squared-amplitude corresponding to the experimental data with respect to Eqs. (1) and (4).
Curve fitting of BER performance
From the experimental data analyses as described in Section 2, the squared-amplitude and the BER distributions are obtained as shown in Figs. 5 and 6 , respectively. We first modified Eq. (4) to adopt the experimental data since the integration range is limited, as given by
where Imin and Imax are minimum and maximum values of I, which correspond to minimum and maximum values of the squared-amplitude as shown in Fig. 5 . If optimum parameters, such as 2 R  , Imin and Imax are found, the squared-amplitude with respect to I can be approximated in the BER performance obtained by Eq. (5) with appropriate curve fitting. This approach is summarized as follows.
First, squared-amplitude values are divided into intervals of 0.25 in Fig. 6 and then the average BER is calculated by using the samples in each interval. The ratio of the mean value of each interval to a reference coefficient v is set in decibel. Thus, the average BER versus squared-amplitude in decibel, called a measured BER curve, is obtained. A theoretical BER is obtained by substituting the approximate parameters into Eq. (5). Next, we attempt to fit the measured BER to the theoretical BER by changing the parameters Fig. 7 . The measured and theoretical BER curves correspond to the blue circle and green broken line, respectively. The curve without turbulence is also plotted by a black dotted line. Comparing the blue circle curve with the green broken one, the BER of the former increases for SNR values over 8 dB because the optical atmospheric turbulence is not a dominant impairment factor. Moreover, the threshold value of hard decision OOK demodulation is set to 0.3 as described in Section 4.2, and such value may not be suitable in the SNR region. The theoretical PDF is plotted in red broken line in Fig. 5 . Note that Imin of 0.5 and Imax of 2.1 is assigned to the squared-amplitude values of 0 and 8 on x-axis due to the optimum scaling of I.
To complete the curve fitting procedure, we attempt to fit a simulated BER curve to the measured one. The simulated BER curve is obtained by Monte-Carlo simulation of implementing OOK modulator and demodulator system in the turbulence model of the gamma-gamma PDF with the obtained parameters. The turbulence signal can be generated by using inverse the gamma-gamma PDF and uniform random number generators. As a result, a red triangle curve is obtained as shown in Fig. 7 . The simulated BER curve less than SNR of 8 dB is fitted to the green broken line of the theoretical BER curve. The simulated BER curve for more than 8 dB can be heuristically determined by fitting to the measured BER In Fig. 7 , the simulated and measured BER curves have almost the same shape under SNR of 12 dB. The curve fitting procedure in SNR over 12 dB is not important, since bit errors in the SNR region can be perfectly corrected by using a powerful Forward Error Correction (FEC) technique. This result implies that the signal generator with respect to the red triangle curve can generate fading variations according to the measured BER curves.
System Simulation
Fading generator
We now develop a fading generator with respect to the simulated BER curve as shown in Fig. 7 . The key feature of the proposed method is to generate fading signals including both optical and electrical impairments, such as atmospheric turbulence, tracking error of optical equipments, different types of noise, Doppler shift, etc. Moreover, the BER performance is the same as the measured ones as shown in Fig. 7 . The developed fading generator consists of two components: a fade level and a noise variance generators. The former generates a short-term variation at every modulation symbol. The latter generates a long-term variance at every PN period. The output signals of the generators represented by points A and B in Fig. 8 are shown in Fig. 9 . In the upper figure, the rapid variation signals of the fade level generator are observed, while in the lower figure the slow variation signals of the noise variance generator are observed.
Next, we consider a reasonable characterization for the fading generator to obtain the same BER performance as the measured BER curve as shown in Fig. 7 . Therefore, the squared-amplitude distribution of short-term varied signals is defined as the gamma-gamma PDF with a mean of one. On the other hand, the squared-amplitude distribution of long-term varied signals is defined as the same PDF as shown by red broken line in Fig. 5 to generate the measured signal strength during a single pass. Note that in the region where the squared-amplitude is under 0.5, the value of red broken line is significantly different from the blue circles which is obtained from the experimental data. The values of blue circles do not incorporate with the generator since such low level signal can not be generally synchronized and compensated by using any baseband digital signal processing techniques. To simplify calculations, the two components are assumed to have the same gamma-gamma distribution of 2 0.08
. However, the irradiance I range of Eq. (1) is different: the range from 0 to 4.0 for the fade level generator, and from 0.5 to 2.1 for the noise variance generator. The update period of the fade level and the noise variance generators are set to one and 32768 modulation symbols (i. e. period of PRBS 15 plus one), respectively.
System simulation
System performances in optical satellite downlink channel are evaluated by using the developed fading generator. The system block diagram is shown in Fig. 8 . The specification of system simulation is listed in Table 2 . Similar to the SOTA downlink signal, we chose 10-Msps modulation symbol rate.
To understand the ability of FEC scheme, perfect synchronization is assumed. The block diagram consists of OOK modulator/demodulator, convolutional interleaver/deinterleaver, Low Density Parity Check (LDPC) encoder/decoder, and fading generator. The LDPC code standardized in CCSDS 131.0-B-1 8) is adopted to compensate for bit errors due to fading, as listed in Table 3 . The input to the LDPC decoder is soft decision demodulated signals to improve coding gain obtained by a Maximum A posteriori Possibility (MAP) decoding algorithm called modified BCJR algorithm. The interleaver is also equipped to spread out burst errors from fading in optical satellite downlink channel. We select a convolutional interleaver rather than a block one because the former can be implemented with less complexity than the later. The soft decision threshold value of 0.3 is heuristically found to obtain the minimum BER. The deinterleaved soft decision signals are suitable for the LDPC decoder. Note that the lowest value of the noise variance generator is limited to 0 dB, since the receiver cannot be generally synchronized with the incoming signals under the SNR of 0 dB. The system is demonstrated by implementing a signal processing worksystem (SPW).
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Simulation results
We first evaluate the performance of the developed fading generator, as described in Section 4.1. To observe the effects of the fading distribution, a histogram of simulated received 10 6 symbols collected at point C of Fig. 8 is shown in Fig. 10 . Binary symbols "0" and "1" are transmitted by assigning amplitudes of 0 and 1, respectively. However, each symbol spreads out due to fading distortion.
Next, the average BER performances for different lengths up to 2048 of the interleaver are evaluated via simulation. Since the value of SNR varies according to the output of the noise variance generator, the BER value is averaged over independent simulations. The results are shown in Fig. 11 , which is plotted on a double logarithmic scale. For comparison, the BER performances without LDPC decoding are also plotted as a red broken line. The x-axis represents the length of interleaver and the y-axis represents the corrected BER values. In Fig. 11 (a) , for the length of information bits Number of occurrences 6 of LDPC code of 1024, the BER curves with the three coding rates, 1/2, 2/3, and 4/5, are plotted. The BER increases with coding rate. To achieve the BER less than 10 -6 , interleaver length of more than 1050 is required for the LDPC code with coding rate of 1/2. Whereas, the LDPC codes with coding rate of 2/3 and 3/4 cannot achieve BER less than 10 -5 within the length of interleaver below 2000. On the other hand, BER performances are significantly improved for the LDPC codes with the length of information bits 4096 and 16384 as shown in Figs. 11 (b) and (c) . To achieve the BER less than 10 -6 , interleaver lengths over 800 and 1700 are required for the LDPC code with coding rate of 1/2 and 2/3, respectively. However, in all lengths of information bits, the coding rate of 4/5 cases cannot improve the BER due to insufficient coding gain, since severe fading conditions under SNR of 4 dB occur with some probability according to the PDF of noise variance generator.
Conclusion
The experimental data collected by SOTA campaign has been analyzed, and the fading generator based on the results has been developed by incorporating a theoretical atmospheric turbulence distribution of gamma-gamma PDF. The optical satellite downlink signals for this development have not been sufficiently collected until now. After collecting sufficient number of experimental data, the more optimal parameters of the fading generator will be determined. Our proposed fading generator will provide a comprehensive optical satellite downlink channel characterization. 
